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A B S T R A C T

Purpose

CovI:/den syndrome (CS) is an autosomal dominant disorder characterized by benign and malignant
tumors. One-quarter of patients who are diagnosed with CS have pathogenic germline PTEN
mutations, which increase the risk of the development of breast, thyroid, uterine, renal, and other
cancers. PTEN testing and regular, intensive cancer surveillance allow for early detection and
treatment of these cancers for mutation-positive patients and their relatives. Individual CS-related
features, however, occur commonly in the general population, making it challenging for clinicians
to identify CS-like patients to offer PTEN testing.

Patients and Methods

We calculated the cost per mutation detected and analyzed the cost-effectiveness of performing
selected PTEN testing among CS-like patients using a semi-quantitative score (the PTEN
Cleveland Clinic [CC] score) compared with existing diagnostic criteria. In our model, first-degree
relatives of the patients with detected PTEN mutations are offered PTEN testing. All individuals
with detected PTEN mutations are offered cancer surveillance.

Results

CC score at a threshold of 15 (CC15) costs from $3,720 to $4,573 to detect one PTEN mutation,
which is the most inexpensive among the different strategies. At base-case, CC10 is the most
cost-effective strategy for female patients who are younger than 40 years, and CC15 is the most
cost-effective strategy for female patients who are between 40 and 60 years of age and male
patients of all ages. In sensitivity analyses, CC15 is robustly the most cost-effective strategy for
probands who are younger than 60 years.

Conclusion
Use of the CC score as a clinical risk calculator is a cost-effective prescreening method to identify
CS-like patients for PTEN germline testing.

J Clin Oncol 33:2537-2544. © 2015 by American Society of Clinical Oncology

for 5% to 10% of all cancers. Given that there are 1.6
million new cancer cases each year in the United

The goals of the Healthy People 2020 initiative of the
US Department of Health and Human Services fo-
cus for the first time on genomic medicine among its
list of priorities. The genomic objectives of Healthy
People 2020 emphasize the importance of obtaining
a family and genetic history as a powerful guide for
clinical and public health initiatives." One of the
most important applications of genetic testing is in
individual risk assessment for the development of
cancer, thus allowing for successful risk reduction
strategies for the at-risk patient while avoiding un-
warranted surveillance in unaffected family mem-
bers. Currently, greater than 200 hereditary cancer
susceptibility syndromes are described, accounting

States,” the challenge facing clinicians is to identify
who among that group may be at risk of having an
underlying hereditary cause. An even more critical
challenge involves determining how to do so in a
cost-effective manner.

Cowden syndrome (CS; Mendelian Inheri-
tance in Man [MIM] No. 158350) is a difficult-to-
recognize autosomal dominant, highly penetrant
genetic disorder. More than 90% of CS individuals
with germline (heritable) PTEN mutations are be-
lieved to manifest some feature of the syndrome
(although rarely cancer) by the age of 20 years, and
by the age of 30 years, nearly 100% of mutation
carriers are believed to have developed at least some
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of the mucocutaneous signs. Affected individuals also have an in-
creased risk of the development of several malignant diseases, includ-
ing female breast cancer, thyroid cancer with an overrepresentation of
follicular histology, and endometrial cancer,”” and are at a signifi-
cantly increased risk (a seven-fold increased risk as compared with that
in the general population) of experiencing a second primary malig-
nant neoplasm.®

CS remains underdiagnosed because of its variable expression
(often with only subtle skin signs); consequently, the current preva-
lence estimate of 1 in 200,000 is still likely to be an underestimate.
Consensus diagnostic criteria for CS were first developed in 1996 by
the International Cowden Consortium and form the basis for the
National Comprehensive Cancer Network (NCCN) guidelines (Data
Supplement).” Relaxed criteria are defined as full criteria minus one
criterion, and such individuals are referred to as CS-like. Most patients
with CS are diagnosed only after a personal history of a second cancer.
Many mucocutaneous features of CS predate the occurrence of can-
cer, and timely identification of patients with a germline PTEN muta-
tion is important because it allows for gene-targeted surveillance for
affected probands and predictive testing for relatives. To address this,
more recently, the PTEN Cleveland Clinic (CC) score has been shown
to provide a well-calibrated estimation of pretest probability of PTEN
status.” In this study, we examined the diagnostic utility and cost-
effectiveness of using the CC score as a clinical predictive tool and
compared it with existing clinical diagnostic criteria.

Using data from the largest prospective cohort of over 3000 CS and CS-like
(defined as International Cowden Consortium criteria minus one) patients
enrolled globaﬂly,“’f”8 we created a decision model to simulate virtual clinical
trials of different genetic screening strategies. The virtual trials included CS or
CS-like patients who were older than 18 years and were referred to a clinical
cancer genetics service. These patients were randomized to one of six genetic
screening strategies: no germline PTEN mutation testing; germline PTEN
mutation testing when CC scores are above the threshold of 5 (CC5); germline
PTEN mutation testing when CC scores are above the threshold of 10 (CC10);
germline PTEN mutation testing when CC scores are above the threshold of 15
(CC15); germline PTEN mutation testing if NCCN criteria are met; and
germline PTEN mutation testing for all enrolled CS-like patients.

If a patient was detected as being PTEN-mutation positive (PTEN™""),
his or her first-degree relatives would be offered PTEN mutation testing as well.
All detected PTEN™"*" patients would be recommended for cancer surveil-
lance (Data Supplement), while others (PTEN mutation negative or unde-
tected PTEN™""") would receive the standard cancer screening recommended
for the general population (ie, breast-cancer screening for women older than
40 years and no screening for men).

We first calculated the costs per mutation detected of each genetic
screening strategy. We then followed all patients every year until death to
calculate the cost-effectiveness ratio of each genetic screening strategy as
compared with no genetic screening, and to compare the incremental
cost-effectiveness ratios (ICERs) with the next-less-intensive genetic
screening strategies.

Decision Model

We built a decision model to simulate the clinical trial. The model first
simulates plausible outcomes of alternative genetic screening strategies in
terms of genetic mutations that were detected or undetected in patients and
their relatives (Fig 1 and Data Supplement) and then virtually followed the
patients and their relatives until death (Data Supplement). The family struc-
ture of PTEN patients was assumed to be identical to that of the general
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Fig 1. Schematic diagram of genetic screening strategies. A Cowden syn-
drome (CS) -like patient is prescreened with a clinical calculator (National
Comprehensive Cancer Network criteria or Cleveland Clinic score at different
thresholds). If the individual meets the threshold, he or she will receive genetic
testing for germline PTEN mutations. First-degree relatives of PTEN-mutation-
positive individuals will be offered genetic testing for the specific mutations. All
individuals who are positive for PTEN mutations will receive cancer surveillance
according to recommendations.

population in the United States, as described in the model with the average
number of children® and average age when mothers give birth to first children
in US families.'® Compliances with genetic testing of first-degree relatives were
assumed to be 60% for parents and siblings and 70% for children.'* Compli-
ance with cancer surveillance is assigned to be 77.9% for all types of
cancers.'>'® The search process and derivation of model inputs are described
in detail in the Data Supplement. Estimates for all model parameters are shown
in the Data Supplement.

Cost-Effectiveness Analysis

A societal perspective was used in the analysis. The model accounts for
both direct medical costs (associated with consultation, tests, and interven-
tions) and productivity costs in terms of loss of working days. All costs were
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adjusted to 2014 US dollar values with use of the medical care component of
the Bureau of Labor Statistics Consumer Price Index. Health outcomes were
measured in quality-adjusted life-years (QALYs), which is the product of
health-state utility (with 0 denoting death, and 1 denoting perfect health) and
the duration in that state. Costs and QALY were discounted at 3% as recom-
mended by the Panel on Cost-Effectiveness in Health and Medicine.'”

We first calculated the cost per QALY gained for each genetic screening
strategy compared with no screening. We then calculated the incremental
cost-effectiveness ratio (ICER) of each strategy as compared with the next-less-
intensive strategy after ruling out strategies by absolute and extended domi-
nance.'®'” The optimal strategy was defined as the strategy with best outcome
among strategies of which ICERs are less than the assumed willingness to pay
US $100,000 per QALY.**?!

To account for uncertainty in estimates of parameters, we also per-
formed one-way sensitivity analysis by changing one parameter at a time
within relevant plausible ranges. Finally, we performed probabilistic sensitivity
analysis by running the model 10,000 times and, within each run, randomly
sampling values for all the parameters from their plausible ranges. We assumed
beta, gamma, and log-normal distributions, respectively, for probability pa-
rameters, cost parameters, and relative risk parameters,22 except for those
without sufficient data to estimate distribution parameters. We assigned trian-
gular or uniform distributions to these parameters (Data Supplement). All the
analyses were performed with use of TreeAge Pro 2014 (TreeAge Software,
Williamstown, MA) and Microsoft Excel 2013 (Microsoft, Redmond, WA) in
accordance with published recommendations.'”**

Cost per Mutation Detected

Using a CC score at a threshold of 15 (CC15) to prescreen
patients for PTEN-gene testing costs $11,425 to detect one mutation,
which was the most inexpensive when compared with no testing at all.
(Fig 2, Table S4).

When genetic testing was offered for first-degree relatives of
PTEN™"* probands, the cost per mutation detected decreased by
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Fig2. Cost per mutation by patient age, with or without relatives tested. Graph
illustrates the cost per mutation detected and patient age in Cowden syndrome
(CS) -like patients. Costs per mutation detected decrease as first-degree relatives
are included in the testing. CC, PTEN Cleveland Clinic score; CC5, individuals
whose CC scores are above the threshold of 5; CC10, individuals whose CC
scores are above the threshold of 10; CC15, individuals whose CC scores are
above the threshold of 15; NCCN, National Comprehensive Cancer Network
guidelines; PTEN all, germline PTEN mutation testing for all enrolled.
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almost two thirds, even at a compliance rate of 60% to 70%. For
example, for CCl15, the cost per mutation detected drops from
$11,425 to between $3,720 and 4,573 when first-degree relatives are
included. Genetic screening costs less per mutation detected for pa-
tients who are 30 to 40 years old than it does for patients at the two
extremes of the age spectrum. CC15 was the strategy with the lowest
cost per mutation detected, irrespective of the patient’s age.

Cost-Utility Ratio

Compared with not conducting genetic screening, selective ge-
netic screening with CC15 consistently incurred the lowest cost per
QALY gained, ranging from $58,884 to $107,390 per QALY for male
probands and from $50,569 to $155,367 per QALY for female pro-
bands. The ranking of cost-effectiveness ratio (from lowest to highest)
is CC15, CC10,NCCN, CC5, and universal PTEN testing in all age and
sex groups (Fig 3; Data Supplement).
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Fig 3. Cost-effectiveness ratio of competing genetic screening strategies
by age and sex. Diagram illustrates the cost per quality-adjusted life-year
(QALY) gained for each genetic screening strategy in different age and sex
groups. The upper panel (A) and lower panel (B) show cost-effectiveness
ratios for female and male patients, respectively. The different colors of the
bar denote different genetic screening strategies. PTEN Cleveland Clinic
score 15 (CC15) has the lowest cost-effectiveness ratios in all age and sex
groups. CC5, individuals whose CC scores are above the threshold of 5; CC10,
individuals whose CC scores are above the threshold of 10; CC15, individuals
whose CC scores are above the threshold of 15; NCCN, National Compre-
hensive Cancer Network guidelines; PTEN all, germline PTEN mutation
testing for all enrolled.
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Incremental Cost-Effectiveness Ratio

CCl15, CC10, CC5, and universal genetic screening produced
greater amounts of QALY improvements among the cohort of pa-
tients. NCCN is not included in the calculation of ICER due to its
absolute dominance by CC10 among patients younger than 70 years
and extended dominance among the group of patients who were 70
years old. (Fig 4; Data Supplement). At a cost-effectiveness threshold
of $100,000 per QALY, CC10 is the most effective strategy with alower
ICER for female patients younger than 40 years and CC15 is the most
effective strategy with alower ICER for female patients between 40 and
60 years and male patients of all ages.

Sensitivity Analysis

Since CC15 and CC10 were chosen as the optimal strategies based on
best estimates of the parameters, we performed one-way sensitivity anal-
ysis for the ICER of CC15 compared with no genetic screening and for the
ICER of CC10 compared with CC15. Analyses were conducted for all sex

and age groups, and it was found that the cost-effectiveness of CC10 and
CC15 were sensitive to changes in the effectiveness of cancer surveillance,
cancer incidences, and cost of genetic screening. However, even in the
analysis of parameters that the model is most sensitive to, the ICERs for
CC15 and CC10 hardly exceeded $100,000 per QALY and $150,000 per
QALY, respectively. The sensitivity analysis results for probands who were
40 years of age, which is the median age of CS-like patients, were shown in
Figure 5, Data Supplement.

We tested the robustness of the results further by changing the
base-case inputs of some parameters simultaneously in the direction
that is against genetic screening. We examined different scenarios,
such as reducing the base-case incidences of all four types of cancers by
20% (Data Supplement), increasing the progression rate of detected
(and treated) early stage cancer by 1.5 times (Data Supplement) or de-
creasing the mortality rate of late-stage cancers by half (Data Supplement);
even so, we still found that CC15 is consistently the most cost-effective
strategy for all probands who were younger than 60 years of age.
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Fig 4. Cost, effectiveness, and incremental cost-effectiveness ratio (ICER) of competing genetic screening strategies by age and sex. This graph demonstrates the
cost, quality-adjusted life-years (QALYs) gained, and ICERs of competing genetic screening strategies. Results for female and male patients are presented in the left
(A) and right (B) panels, respectively. Patient ages are indicated by different colors. Each data point represents the cost and QALYs gained of a particular screening
strategy. Different strategies are indicated by various shapes. Different filling patterns represent ICERs of different ranges. Not conducting PTEN testing is denoted
by a solid circle. CC, PTEN Cleveland Clinic score; CC5, offering germline PTEN mutation testing when CC scores are above the threshold of 5 ; CC10, offering germline
PTEN mutation testing when CC scores are above the threshold of 10; CC15, offering germline PTEN mutation testing when CC scores are above the threshold of 15;
NCCN, offering germline PTEN mutation testing if National Comprehensive Cancer Network criteria are met; PTEN all, germline PTEN mutation testing for all enrolled.
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Finally, we ran the model 10,000 times and randomly sampled
values for all the parameters from their plausible distributions (Data
Supplement) within each run. At a cost-effectiveness threshold of
$100,000 per QALY, genetic screening with CC15, CC10, and no
genetic screening were the optimal strategies in 48.6%, 30.8%, and
18.4% of the iterations, respectively (Fig 6).

This study provides the first comprehensive cost-effectiveness analysis
of multiple strategies to test for germline PTEN mutations among

WWW.jco.org

patients who present with CS-like features in the United States, and
may serve as a useful model for many inherited cancer syndromes.
Notably, we have shown that sex as well as age of the proband impacts
overall cost-effectiveness, given the sex- and age-specific differences in
terms of cancer risk for PTEN""" patients.

Our results suggest that the systematic application of strategies to
detect germline PTEN mutations among individuals suspected of having
CS could provide substantial clinical benefits at acceptable costs. We had
previously recommended that clinicians consider germline PTEN testing
for individuals who had a CC score threshold of 10, as that corresponded
to a 3% clinically significant risk of detecting a germline PTEN mutation.”

© 2015 by American Society of Clinical Oncology 2541
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Fig 6. Probabilistic sensitivity analysis, performed by running the model
10,000 times and within each run, randomly sampling values for all the param-
eters from their plausible ranges. This diagram illustrates the proportion of
iterations in which each strategy is the optimal strategy as a function of
willingness to pay. At a cost-effectiveness threshold of $100,000 per quality-
adjusted life-year (QALY), offering germline PTEN mutation CC15, CC10, and no
genetic screening were the optimal strategies in 48.6%, 30.8 and 18.4% of the
iterations, respectively. At a cost-effectiveness threshold of $150,000 per QALY,
CC10, CC15, CCh, and no genetic screening were the optimal strategies in
53.2%, 34.1%, 9.5%, and 2.2% of the iterations, respectively. CC5, offering
germline PTEN mutation testing when Cleveland Clinic (CC) scores are above the
threshold of 5 ; CC10, offering germline PTEN mutation testing when CC scores
are above the threshold of 10; CC15, offering germline PTEN mutation testing
when CC scores are above the threshold of 15; NCCN, offering germline PTEN
mutation testing if National Comprehensive Cancer Network criteria are met;
PTEN all, germline PTEN mutation testing for all enrolled.

Our results confirmed that the use of clinical risk calculators such as the
CC score based purely on clinical history is a cost-effective prescreening
method in the selection of patients for PTEN germline mutation when CS
is suspected. Here, we demonstrate that CC15, which corresponds to a
10% a priori risk of germline PTEN mutation, has the lowest cost per
PTEN mutation carrier detected among all the strategies across sex and
age-at-presentation. Our baseline estimates of family size (ie, between five
and six first-degree relatives per proband undergoing predictive testing) is
comparable, if not conservative, to what happens in clinical practice.***
Despite this, by taking into account predictive testing in first-degree rela-
tives, all strategies were more cost-effective, decreasing the cost per muta-
tion detected by more than two-thirds. This result is consistent with the
literature on Lynch syndrome, in which it has been reported that the
cost-effectiveness of testing also is strongly dependent on the participation
rate among relatives who are at risk of the development of Lynch syn-
drome.*

When we examined the lifetime cost-effectiveness of competing
genetic screening strategies, for patients of both sexes, ICERs of CC15
decrease and then increase as patient age increases from 20 to 70 years,
which reflects changes in the ages and sexes of relatives who are eligible
for genetic screening and increases in competing risks of death from
noncancer causes with increasing age. At a cost-effectiveness threshold
of $100,000 per QALY, CC15 is cost-effective for female probands

2542  © 2015 by American Society of Clinical Oncology

who are younger than 60 years and male probands of all ages. For
female probands younger than 40 years, CC10, which will benefit
more patients than CC15, is also cost-effective. These results are com-
parable to ICERs for clinical preventive services in practice, which
range from negative to more than $200,000 per QALY.*”**

Our model was sensitive to the cost of genetic counseling and the
cost of genetic testing in the proband. Although the latter has a much
wider range of variation than the former, altering the former had more
influence on cost-effectiveness because every CS-like patient receives
genetic counseling while only a subgroup of these patients who have
positive clinical scores go on to do genetic screening. Intuitively, ge-
netic screening becomes more cost-effective as prevalence of PTEN
carriers among CS-like patients increases, as reflected by our current
data. The results of our probability sensitivity analysis confirm that the
CC score is robustly cost-effective at a cost-effectiveness threshold of
$100,000 per QALY. Our data suggest that altering the starting age for
cancer surveillance for individual CS-related cancers affects overall
cost-effectiveness and could be used to guide discussions on how best
to balance the cost and benefit of screening programs.

This analysis was based on generally conservative assumptions and
some simplification. First, although we assumed that single-site testing
was only offered to first-degree relatives of probands, in clinical practice,
efforts are commonly made to offer single-site tests to second-degree
relatives as well. Based on the comparison of screening patients alone and
screening patients along with relatives, we would anticipate improved
cost-effectiveness if second-degree relatives are included. Second, as is the
case with all modeling exercises, we made a number of assumptions in our
model. However, while most of our assumptions introduce bias in the
direction against genetic screening (Data Supplement), our results indi-
cate that genetic screening with a CC score of 15 remains cost-effective for
most groups of patients, which adds to our confidence in our results.
Third, we did not explicitly account for psychological impact of false-
positive surveillance tests. However, in the field itself, there is an absence of
high-quality data.* Existing evidence is mixed and the methodologies are
not consistent,”®>* making it challenging to distill the “best evidence” to
include in our calculation. Finally, we have included in this study current
cancer surveillance recommendations for patients with germline PTEN
mutations, but we did not account for the health utility implications of
neurocognitive’ >’ and other nonmalignant®® implications. However, it
can be postulated that finding a germline PTEN mutation early can also
lead to prevention or mitigation of neurocognitive deficits and diabetes. If
the latter can be achieved, then we may assume that competing risks of
noncancer morbidity and mortality would be decreased, allowing for
cancer surveillance across all ages to become cost-effective.

Future developments in technology could influence the strategy of
choice and almost certainly would affect cost-effectiveness. Increasingly,
patients at risk for a diverse range of diseases can be offered multigene
disease-predisposition testing, likely reducing the costs of genetic testing
and making our strategy of choice more cost-effective. In conclusion, use
of the CCscore as a clinical risk calculator is an accurate and cost-effective
prescreening method in the selection of patients who are candidates for
PTEN germline analysis when CS is suspected.
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GLOSSARY TERMS

cost-effectiveness analysis: an economic evaluation in PTEN (phophatase and tensin homolog): a tumor suppres-

which the costs and consequences of alternative interventions are sor gene with a gamut of regulatory activities. The gene product is a

expressed as a cost per unit of health outcome. Cost-effectiveness multifunctional molecule. The predominant activity identified for PTEN

analysis is used to determine technical efficiency (ie, comparison is its lipid phosphatase activity that converts inositol trisphosphates into

of costs and consequences of competing interventions for a given inositol bisphosphates, thus inhibiting survival and proliferative path-

patient group within a given budget). ways that are activated by inositol trisphosphates. PTEN acts to main-
tain arrest in the G, phase of the cell cycle and enable apoptosis through
an AKT-dependent mechanism.
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